Objectives 24
associated with morphological variation. Conversely, several species-specific DMPs were identified, and 43 these are found in genes enriched for functions associated with complex skeletal traits. 44 45
Discussion 46 Overall, these findings reveal that while intra-specific epigenetic variation is not readily associated with 47 skeletal morphology differences, some inter-specific epigenetic differences in skeletal tissues exist and 48 may contribute to evolutionarily distinct phenotypes. 49 50
Key Words: DNA methylation, nonhuman primates, evolution, epigenome, bone 51 52
Introduction: 53 Primates distinguish themselves from other mammals with their unique suite of anatomical 54
features that initially enabled arboreal niche occupation and subsequently evolved to fit a myriad of 55 habitats and forms of locomotion, the most unique being hominin bipedalism. The resulting 56
morphological variation that has evolved across taxa has its foundation in underlying skeletal anatomies. 57
Such skeletal morphologies are used to both characterize extant primate diversity and reconstruct the 58 anatomy and locomotor capabilities of extinct primate species (Ankel-Simons, 2007; Fleagle, 1999; Leigh 59 & Shea, 1995; Schultz, 1930 Schultz, , 1937 are crucial for identifying the relationship between epigenetic variation and skeletal phenotypic variation. 87
The contributions of epigenetics to primate phenotypic variation were first considered by King 88 and Wilson (1975) , who proposed that anatomical and behavioral differences between humans and 89 chimpanzees were more likely "based on changes in the mechanisms controlling the expression of genes 90 than on sequence changes in proteins" (King & Wilson, 1975 Overall, there are clear knowledge gaps in our understanding of NHP skeletal complexity in 128 relation to epigenetic variation and epigenetic differences between phylogenetically diverse NHP species.
129
The present study begins to remedy this by assessing how genome-wide and gene-specific DNA 130 methylation in primate skeletal tissues varies intra-and inter-specifically and in relation to femur form. 131
Specifically, for this study, we explored the evolution of the epigenome and its relation to 132 nonpathological skeletal traits by identifying DNA methylation patterns in femur trabecular bone from 133 baboons, macaques, vervets, chimpanzees, and marmosets and assessing intra-and inter-specific 134 methylation variation and its relation to morphology. Table S2 , File S1). The resulting finalized datasets ( Figure S4 ) were then 191 used in further statistical analyses.
193
Statistical Analysis of Differential Methylation 194 In order to identify sites that were significantly differentially methylated across comparative 195
groups, we designed and tested generalized linear mixed models (GLMMs) which related the variables of 196
interest (morphological measures and species membership) to the DNA methylation patterns for each site, 197
while accounting for the effects of additional variables, batch effects, and latent variables (Maksimovic, 198 Phipson, & Oshlack, 2016). Sites found to have significant associations were classified as significant 199
differentially methylated positions (DMPs). Specifically, a GLMM was used to estimate differences in 200 methylation levels associated with femur morphologies within each taxonomic group (intra-specific) and 201 between each taxonomic group (inter-specific) (Supplemental Text). 202 203
Intra-Specific Analyses 204
For the intra-specific analyses, variables included in each GLMM were the femur morphologies 205
within each taxonomic group, sex, age, and steady state weight when known, as well as unknown latent 206 variables calculated using the iteratively re-weighted least squares approach in the sva package in R ( Inter-Specific Analyses 224
For the inter-specific analyses, variables included in the GLMM were taxonomic grouping, sex, 225
age, known batch effects (e.g., array number and position), and unknown latent variables calculated using 226 the method described above. The four latent variables estimated were included to help mitigate any 227 unknown batch and cell heterogeneity effects on methylation variation at each site. The GLMM design 228 matrix was fit to the M value array data using the method described above, and the estimated coefficients 229
and standard errors for taxonomic group effects were computed. As described above, moderated t-230
statistics, log-odds ratios of differential methylation, and associated p-values adjusted for multiple testing 231
were computed, and significant DMPs for the effect of taxonomy were defined as those having log fold 232 changes in M values corresponding to an adjusted p-value of less than 0.05.
233
To determine only those methylation differences that represent fixed changes between genera, we 234
used methods similar to those described in (Hernando-Herraez et al., 2013). Briefly, significant DMPs 235 were identified between all possible pairwise comparisons of taxa (n=10: baboon-macaque, baboon-236 vervet, baboon-chimpanzee, baboon-marmoset, macaque-vervet, macaque-chimpanzee, macaque-237 marmoset, vervet-chimpanzee, vervet-marmoset, chimpanzee-marmoset). A significant DMP was then 238
defined as taxon-specific if it was found to be significant in all four pairwise comparisons containing the 239 taxon of interest but not found in any of the remaining pairwise comparisons. The GO and KEGG 240 pathway enrichment of these DMPs was then determined as described above.
241
Additionally, global changes in methylation were calculated using distance matrices (Hernando-242
Herraez et al., 2013) of the methylation levels for all finalized 39,802 filtered probes. These changes were 243 assessed at a species-level by averaging the β values per probe within each species. We then used 244
Euclidean distances to calculate the difference between every two species. Neighbor joining trees were 245 estimated from these distances using the ape package in R (Paradis, Claude, & Strimmer, 2004). For each 246
resulting tree, 1000 bootstraps were performed to determine confidence values for each branch. Global 247 changes in methylation were also assessed at the individual-level using Euclidean distances to calculate 248 the difference between every two individuals. 249 250
DNA Methylation Profiling and Analyses of HOXD10 251
Based on the inter-specific DNA methylation patterns identified in this study and those identified 252
in other evolutionary anthropological studies ), the HOXD10 gene was selected for 253 subsequent DNA methylation profiling and analysis at a higher resolution using gene-specific sequencing 254
techniques. Specifically, primers were designed and optimized to PCR amplify regions spanning across 255
the entire HOXD10 gene, as well as upstream and downstream several hundred bases (hg19 256 chr2:176980532-176985117), in each NHP species for regular and bisulfite treated DNA (Tables S14-257 S17). All gene-specific assays were performed in a subset of the samples tested using the EPIC array and 258
included chimpanzees (n=3), baboons (n=3), macaques (n=3), vervets (n=3), and marmosets (n=3) ( Table  259 S1). Additionally, a subset of these assays that targeted one validation locus (cg02193236) were 260 performed in all of the samples ( the HOXD10 gene were then identified compared within and among species to provide a higher resolution 274 of methylation variation within this targeted gene. Lastly, with respect to the validation locus 275
(cg02193236) evaluated in all samples, methylation levels across this region were confirmed to 276 correspond with the methylation levels of this region as determined using the EPIC array.
278
Results: 279
The aim of this study was to identify DNA methylation patterns in skeletal tissues from several 280 NHP species in order to determine how skeletal methylation varies at different taxonomic scales and in 281 relation to complex skeletal traits. We evaluated DNA methylation patterns in femur trabecular bone from 282
five NHP speciesbaboons (n=28), macaques (n=10), vervets (n=10), chimpanzees (n=4), and 283 marmosets (n=6) ( Figure 1 , Table S1 ). We used the Illumina Infinium MethylationEPIC BeadChip (EPIC 284 array), which was determined to be effective at identifying DNA methylation patterns in NHP DNA 285 (Supplemental Text, Figures S1-S4, Tables S2-S5, File S1). Further, we selected probes appropriate for 286
intra-and inter-specific comparison, which removed the effect of sequence differences among individuals 287
and species as a reason for methylation differences. With these data, we first tested whether intra-specific 288 variation in skeletal DNA methylation is associated with intra-specific variation in femur morphology. 289
Second, we identified inter-specific differences in DNA methylation and assessed whether these lineage-290 specific patterns may have contributed to species-specific morphologies. 291 292
Genome-Wide Intra-Specific Differential Methylation and Morphological Variation 293
Measurements of 29 linear morphology traits ( Figure 2 , Table S6 ) were collected from each NHP 294 right femur. All measurements had less than 5% error, except those for intercondylar notch depth in 295 macaques ( Figure S5 , File S2). Significant DMPs associated with each intra-specific linear morphology 296
were interrogated from 189,858 sites in in baboons, 190,898 sites in macaques, 191,639 sites in vervets, 297 576,804 sites in chimpanzees, and 68,709 sites in marmosets (Tables S7-S8 ). In baboons, 1 DMP was 298 hypomethylated with increasing bicondylar femur length and increasing maximum femur length. In 299 macaques, 1 DMP was hypermethylated with increasing proximal femur width, 1 DMP was 300 hypermethylated with increasing medial condyle width, and 6 DMPs were hypomethylated with 301 increasing medial condyle width. In vervets, 1 DMP was hypomethylated with increasing superior shaft 302
width, 2 DMPs were hypomethylated with increasing inferior shaft width, and 1 DMP was 303 hypermethylated with increasing anatomical neck height. In chimpanzees, 216 DMPs were 304 hypomethylated and 57 DMPs were hypermethylated with increasing anatomical neck length. Lastly, in 305 marmosets, no DMPs were associated with morphological variation (Table S9 , File S3).
306
While the maximum absolute change in mean methylation (Δβ) for most of these DMPs is greater 307 than 10% (Δβ = 0.1), the change in methylation between the individual with the largest morphology 308 measurement and the individual with the smallest morphology measurement is less than 0.1 for several 309
DMPs (File S3). Tests for enrichment of gene ontology (GO) and KEGG pathway functions were done 310
for the 3 intra-specific morphologies that had more than 2 DMPs associated with them. However, no GO 311 biological processes were found to be enriched in DMPs associated with either macaque medial condyle 312 width or chimpanzee anatomical neck length. Additionally, KEGG pathway functions were only found to 313 be enriched in DMPs associated with chimpanzee anatomical neck length, and these pathways were 314
predominantly involved in immune system cell signaling and differentiation (Table S10) . 315 316
Genome-Wide Inter-Specific Differential Methylation 317
To determine how methylation varies inter-specifically, differential methylation was interrogated 318 from the 39,802 probes that were shared among NHP species (Table S11, File S4). Species-specific 319
DMPs were determined by identifying DMPs that were significant in all 4 pairwise comparisons 320
containing the taxon of interest but not in any of the remaining pairwise comparisons. These methods 321
identified 650 species-specific DMPs in baboons, 257 in macaques, 639 in vervets, 2,796 in chimpanzees, 322
and 13,778 in marmosets (Table S11) . Comparably, when evaluating methylation patterns that distinguish 323 more broad taxonomic groups, 2,701 DMPs were found to be specific to Old World monkeys (OWMs), 324
1,439 were found to be ape-specific, and 15,514 were found to be specific to New World monkeys 325
(NWMs) (File S5). Species-specific DMPs spanned 7,320 genes (Table S12 ). While 4,824 of these genes 326
have only a single probe targeting them, the remaining 2,496 genes contained at least 2 significant probes. 327
Additionally, these species-specific DMPs covered a range of locations with respect to genes and CpG 328
islands (Table S12 ), indicating that these species-specific changes in methylation have a decent 329 distribution throughout the genome. Using various Δβ cutoff thresholds decreases the final number of 330 species-specific DMPs to varying degrees (Table S11, File S4). Counter to these decreases in numbers, 331
though, species-specific DMPs cover a range of locations with respect to genes and CpG islands 332 regardless of the Δβ cutoff threshold (Table S12) . 333
Overall, across Δβ cutoff thresholds, more species-specific DMPs were found in the NWM 334 marmosets, followed by the great ape chimpanzees, and lastly the OWM baboons, macaques, and vervets. 335
Additionally, the proportions of hypermethylated and hypomethylated species-specific DMPs within each 336 taxon remain fairly constant across Δβ cutoff thresholds (Table S11 ). In baboons, macaques, vervets, and 337 chimpanzees, more than half of all species-specific DMPs show patterns of hypermethylation, and in 338 marmosets, more than half of all species-specific DMPs show patterns of hypomethylation. The only 339 disruption in these trends is in chimpanzees when no Δβ threshold is applied. Nevertheless, species-340
specific DMPs with different Δβ cutoff thresholds do differ in their abilities to cluster animals into 341 taxonomic groups ( Figure S6, File S4) . For all thresholds, apes, OWMs, and NWMs cluster into distinct 342 groups. However, within OWMs, vervets only cluster into a distinct species group with a Δβ ≥ 0.2 343 threshold, and the baboon-macaque clade require a Δβ ≥ 0.3 threshold. Lastly, species-specific clustering 344 of baboons, macaques, and vervets only occurs with a Δβ ≥ 0.4 threshold (Figure 3 ). 345
Additionally, global changes in methylation across all 39,802 probes were evaluated. Average 346 global changes within each species reveal that apes, OWMs, and NWMs are phylogenetically distinct 347 from one another, and these divergences are well supported (Figure 4) . Similarly, when phylogenetic 348
relationships are evaluated using the global changes in methylation of individual animals, distinct lineages 349 are again formed between apes, OWMs, and NWMs ( Figure S7 ). However, within the OWM clade, 350
several poorly supported branches result in baboons, macaques, and vervets not forming distinct lineages.
351
Phylogenetic separation of these OWM species into distinct lineages is only possible when the 352 methylation changes considered are reduced to only include species-specific DMPs with a Δβ ≥ 0.4 353 threshold ( Figure S8 ).
354
Species-specific DMPs also show associations with genes that have a wide array of GO biological 355 processes (File S6) and KEGG pathway functions (File S7). Cellular adhesion is a primary GO function 356
found to be highly enriched in species-specific DMPs from macaques, vervets, chimpanzees, and 357 marmosets. Species-specific DMPs for chimpanzees and marmosets are also enriched for genes involved 358
in the regulation of transcription and gene expression. Additionally, enrichment of genes involved in 359 anatomical developmental processes is found in baboons, chimpanzees, and marmosets. Chimpanzees and 360 marmosets show further enrichment of genes contributing to pattern specification processes, limb 361 development, and skeletal system development. Moreover, marmoset species-specific DMPs are enriched 362
for genes with functions very closely related to skeletal development, such as osteoblast differentiation 363
and ossification, as well as genes involved in metabolism and the development of other organ systems 364
including skeletal muscles, nerves, the brain, the heart, blood vessels, kidneys, eyes, and ears (File S6).
365
Several enriched pathways reinforce these molecular functions, and additional pathways related to 366 cancers and other disease were also identified (File S7).
367
Out of the species-specific DMPs identified, some were found to overlap with those previously 368 identified as being differentially methylated among primates. These include ARTN, COL2A1, and 369 GABBR1 which have been found to be differentially methylated among modern humans and great apes 370
( have Δβ between 0.2 and 0.3 and 1 has a Δβ < 0.1 ( Figure 5 , Table S13 ).
380
Inter-Specific DNA Methylation Profiling of HOXD10 381
Because of the high number of species-specific DMPs within HOXD10, methylation patterns 382 across this gene were assessed at a higher resolution using gene-specific sequencing techniques. Regular 383 and bisulfite sequences of several regions in the HOXD10 gene were generated (Tables S14-S17). First, 384
loci across the entire HOXD10 gene were examined from a subset of EPIC array samples -3 baboons, 3 385 macaques, 3 vervets, 3 chimpanzees, and 3 marmosets ( Figure 6 , Tables S1 and S18, File S8-S9). 386
Additionally, one validation locus (cg02193236) and its surrounding region in HOXD10 were surveyed in 387
all NHP samples in order to confirm the reliability of the EPIC array in assessing DNA methylation levels 388
( Figure S9 , Tables S1 and S19, File S10-S11). Overall, regular sequencing was very successful, while 389
bisulfite sequencing was less successful, with several sequence reads uninterpretable. Nevertheless, 390
following the alignment of these sequences to the appropriate NHP references, the presence and absence 391 of methylation across the HOXD10 gene in each animal was determined (Tables S18-S19, Files S8-S11). 392
These data reveal that across the HOXD10 gene, NHPs display generally low methylation with some 393 clustered increased amounts of methylation upstream of the gene and at the start of the gene body ( Figure  394 6).
396
Discussion: 397
This study explored skeletal gene regulation and its relation to complex traits and species 398 differences by evaluating genome-wide and gene-specific DNA methylation patterns in trabecular bone 399 from several NHP species. These species are phylogenetically representative of the order and display 400 anatomical and locomotor differences. Specifically, while the sampled OWMs (baboons, macaques, 401 vervets) display varying levels of terrestrial and arboreal quadrupedal locomotion, the sampled ape 402 species (chimpanzees) is a knuckle-walking quadruped that also vertical climbs and occasionally walks 403 bipedally (Cawthon Lang, 2006) . Even more distinct are the sampled NWMs (marmosets) which 404 locomote via vertical clinging and leaping (Cawthon Lang, 2005) . Lemurs and lorises are the only major 405 taxonomic primate groups not examined in this study. Regardless, the current sample set provided a 406 unique opportunity to examine skeletal epigenetic differences in relation to bone morphology. First, we 407 evaluated the association between intra-specific variation in skeletal DNA methylation and intra-specific 408 variation in femur morphology. Second, we assessed inter-specific DNA methylation differences and the 409 potential contribution of these lineage-specific patterns to species-specific morphologies. 410 411
Intra-specific DMPs are not readily associated with morphological variants. 412
With respect to intra-specific morphology, very few sites were found to be differentially 413 methylated. DMPs were only identified in association with baboon bicondylar femur length, baboon 414 maximum femur length, macaque proximal femur width, macaque medial condyle width, vervet superior 415
shaft width, vervet inferior shaft width, vervet anatomical neck height, and chimpanzee anatomical neck 416
length (Table S8 ). Additionally, most of these associations only identified one DMP. This limited number 417 of associations may be due to the small sample sizes within each species or to the small amount of 418 variation identified in each morphology. This latter point is supported in that almost all the morphologies 419
with methylation associations also have the highest intra-specific variation in size ( Figure S5 , Files S2-420 S3). Further, because the animals included in this study were born and raised in captivity, their limited 421 exposure to environmental variation may limit both the range of phenotypic variation and methylation 422 variation present within species. Alternatively, it may be the case that DNA methylation variation does 423
not have a large influence on nonpathological femur morphology within NHPs.
424
Of the few intra-specific methylation patterns associated with morphology, they likely have weak 425 functional effects. Research has shown that individual site-specific methylation changes are not readily 426 associated with differential gene expression (Bork et al., 2010; Chen et al., 2011; Koch et al., 2011) . 427
Rather, differential gene expression is made possible through the accumulation of several methylation 428 changes within promotor regions (Suzuki & Bird, 2008) Additionally, in the case of chimpanzee anatomical neck length, the 273 DMPs identified are largely 440
affected by one individual that has a longer anatomical neck than other chimpanzees. Lastly, the limited 441 enrichment of GO biological processes and KEGG pathway functions among detected DMPs indicates a 442 lack of common function among these associated regions. Overall, these finding suggest that while some 443
DMPs appear to be associated with intra-specific morphological variation in NHPs, not enough evidence 444 is present to support them having a functional role in the development and maintenance of this 445 morphological variation. 446 447
Differential methylation is observed among NHP species. 448 With respect to inter-specific variation, several sites were found to have significant species-449 specific methylation differences. Specifically, out of the 39,802 sites examined, 650 species-specific 450
DMPs were identified in baboons, 257 in macaques, 639 in vervets, 2,796 in chimpanzees, and 13,778 in 451 marmosets, and these span 7,320 genes (Tables S11-S12). However, many of these DMPs had 452
biologically insignificant changes in mean methylation. Thus, several Δβ cutoff thresholds were 453 consideredfrom a 10% change in mean methylation (Δβ ≥ 0.1) up to a 40% change in mean 454 methylation (Δβ ≥ 0.4)which reduced the overall numbers of species-specific DMPs. Regardless of Δβ 455 cutoff threshold, more species-specific DMPs were found in the NWM marmosets, followed by the great 456 ape chimpanzees, and lastly the OWM baboons, macaques, and vervets. This trend in numbers of species-457 specific DMPs is expected given the known phylogenetic relationships between primates, with OWMs 458 more closely related to apes and NWMs more distantly related to both groups (Perelman et al., 2011; 459 Rogers & Gibbs, 2014). However, the number of marmoset-specific DMPs is substantially larger than 460 those for other taxa. While this discrepancy may reflect marmosets having more species-specific changes, 461
aspects of the experimental design may also contribute to it. Marmosets are the only NWM included in 462 this study, so although some marmoset-specific DMPs are truly specific to marmosets, others may be 463 specific to all NWMs. Comparably, OWM-specific DMPs and catarrhine-specific DMPs may be 464 cancelled out from this study, as such changes would be shared between all OWMs and catarrhines, 465
respectively. Second, since marmosets are the most phylogenetically distant from humans as compared to 466 the other NHPs included in this study (Perelman et al., 2011; Rogers & Gibbs, 2014) , the probe filtering 467 steps may have biased downstream data in favor of finding significant results primarily in marmosets.
468
Third, the marmoset data itself has a slightly different normalized distribution, with more mean 469 methylation levels of 50%, than that for other NHPs (Figure S4 ), which may be due to the chimerism 470 often observed in marmosets. Although, computationally, the filtered array probes examined in this study 471 appear to hybridize sufficiently for marmosets ( Figure S3 ), there may be other unknown biological or 472 technical issues that impede proper DNA methylation analyses from the EPIC array in marmosets and 473 may have inflated the overall number of marmoset-specific DMPs identified. 474
The number of species-specific DMPs identified in this study, is comparable to those identified in 475 a previous study that assessed methylation patterns in blood from chimpanzees, bonobos, gorillas, and 476 orangutans using the 450K array and similar alignment criteria filtering methods with a focus on sites that 477 had a Δβ ≥ 0.1 (Hernando-Herraez et al., 2013). This research used a final set of 99,919 probes that were 478
shared across all great ape species and covered 12,593 genes with at least 2 probes per gene. Out of these, 479
2,284 species-specific DMPs were found in humans, 1,245 in chimpanzees and bonobos, 1,374 in 480 gorillas, and 5,501 in orangutans (Hernando-Herraez et al., 2013). In the current study, when a Δβ ≥ 0.1 481 threshold was used, only 1,572 chimpanzee-specific DMPs were identified (Table S11 ). This number is 482 lower than the number found in previous research comparing chimpanzees to other great apes (Hernando- present study is approximately one-third of that examined in the prior great ape study. Thus, a 3-fold 486 increase in the number of sites examined might identify a 3-fold increase in chimpanzee-specific DMPs 487
as compared to OWMs and NWMs, which would be closer to expectations (Hernando-Herraez et al., 488 2013).
489
Additionally, the number of DMPs that distinguish species from one another in the current study 490 is substantially smaller than the numbers of DMPs identified between different skeletal tissue types, 491
between different age cohorts, and between individuals with different skeletal disease states within a NHP with the degree of differences between cellular functions among comparative groups (Zhang et al., 2013) . 495
In the case of different tissues, substantial DNA methylation differences likely promote distinct gene 496 regulation that is necessary for cells in different tissues to promote different functions. In the case of 497 different age cohorts, slightly fewer DNA methylation differences within the same skeletal tissue may 498
allow cells to emphasize efforts on growth and development in juveniles, as compared to maintenance in 499 adults, without altering the general skeletal-related functions of this tissue. In the case of osteoarthritic 500 disease states, even fewer regulatory changes may be needed to initiate the dysregulation of tissue 501 function. Finally, the comparatively small number of DNA methylation differences between adult, 502 skeletally healthy, NHP species seems reasonable given that other studies have also noted the presence of 503 more regulatory variation within species than between species (Uebbing et al., 2016) . In summary, 504 epigenetic and regulatory differences, which control and enable age-dependent organ functions, should be 505 greater within a species when comparing between tissue types, age cohorts, and disease states, than when 506 comparing between species. 507
When evaluating how well the methylation patterns at species-specific DMPs cluster samples, a 508
Δβ ≥ 0.4 threshold is necessary to achieve clustering into distinct species (Figure 3) . Less stringent Δβ 509
thresholds are able to separate apes, NWMs, and OWMs into distinct groups, but the OWMs do not form 510 monophyletic species groups at these thresholds ( Figure S6 ). Global changes in methylation show similar 511 phylogenetic patterns. While average species methylation patterns reveal a well-supported tree topology 512 that reflects known phylogenetic relationships between taxa (Perelman et al., 2011; Rogers & Gibbs, 513 2014) (Figure 4 ), global changes in methylation among individual animals do not distinguish OWMs into 514 distinct monophyletic groups ( Figure S7 ). As before, parsing down these global changes to only species-515
specific DMPs with Δβ ≥ 0.4 fixes the phylogeny ( Figure S8 ). In previous studies, global methylation 516 changes were able to separate great apes into species-specific phylogenetic groups (Hernando-Herraez et 517
al., 2013). Conversely, the need for a higher Δβ cutoff threshold to distinguish species in the current study 518 may be due to evolutionary reasons. 519
The divergence times between OWMs (baboons, macaques, and vervets) are comparable to those 520 between great apes (humans, chimpanzees, gorillas, and orangutans) ( which may correspond to slower rates of epigenetic evolution. This might make baboons and macaques 527 appear more similar to vervets than expected, and further, this may make resolving the phylogenetic 528
divergences between OWMs more difficult than that between the great apes. Additionally, the number of 529 sites included in the present study (39,802) as compared to previous studies (99,919) (Hernando-Herraez 530 et al., 2013) may limit the ability of the present study to fully resolve species-specific lineages. This is 531 reinforced by the low support of several branches in the phylogeny based on global changes in 532 methylation across individual animals ( Figure S7 ). Conversely, sample size was likely not a contributing 533
factor to the discrepancies between the current study (n=58) and previous studies (n=32) (Hernando-534
Herraez et al., 2013), as the current study has a slightly larger sample size. However, the number of 535 individuals per species was more uniform in previous studies (Hernando-Herraez et al., 2013) than in the 536 current study. 537
Alternatively, the fact that global changes in methylation are unable to fully resolve OWM 538 species-specific phylogenetic clades in the current study, may instead indicate that not enough time has 539 passed for OWM species to evolve fixed epigenetic changes between taxa in this tissue. Additionally, it is 540 possible that epigenetic variation at many of the sites examined in this study are under balancing selection 541
in OWMs which prevents these markers from accurately resolving the evolutionary divergences between 542 these species. However, previous research of gene regulation differences between species has found that 543 Inter-specific DMPs are found in genes enriched for functions associated with skeletal traits. 549
The evolution of methylation changes along specific NHP lineages is associated with several 550
functions that may contribute to species-specific phenotypic differences (Files S6-S7). First, several 551 skeletal tissue functions are enriched in species-specific DMPs. Among almost all NHPs, cellular 552 adhesion functions are highly enriched. Cellular adhesion is necessary for cells to attach to other cells or 553 extracellular matrix, which is a necessity for bone cells (Mbalaviele, Shin, & Civitelli, 2006) . 554
Additionally, in baboons, chimpanzees, and marmosets, anatomical developmental processes are 555 enriched, and in chimpanzees and marmosets, pattern specification processes, limb development, and 556
skeletal system development are enriched. Lastly, in marmosets, specific skeletal functions, such as 557 osteoblast differentiation and ossification are also enriched. Overall, these functions validate that most 558 patterns of differential methylation relate to skeletal tissue function, regulation, development, and 559 maintenance, as well to larger anatomical developmental processes. Additionally, functions not specific to 560
the skeletal system were identified. In chimpanzees and marmosets, transcription and gene expression 561 regulatory functions were enriched. Further, in marmosets, functions related to the development of 562 skeletal muscles, nerves, the brain, the heart, blood vessels, kidneys, eyes, and ears were also enriched. 563
All together, these findings suggest that many species-specific changes in methylation may contribute to 564 the regulation of complex phenotypic changes. While this relationship was not observed for intra-specific 565 skeletal morphology variation, other skeletal traits not examined in this study may be related. 566
Nevertheless, many of the genes associated with the described functions only contain an average of 1-2 567 differentially methylated sites. As described above, individual site-specific methylation changes are not 568 readily associated with differential gene expression ( differences on their own. Rather they hint at biological effects that may be the result of the combined 571 effects of several genetic, epigenetic, and other regulatory processes. 572
Finally, some of the genes containing species-specific DMPs overlap with those previously 573
identified as being differentially methylated in other tissues among primates. Specifically, the 574 neurotrophic factor ARTN shows species-specific hypomethylation at 1 site in marmosets, and in previous 575
work it shows species-specific hypermethylation at 3 sites in humans as compared to other great apes 576
(Hernando-Herraez et al., 2013). Additionally, COL2A1 which codes for the predominant type of collagen 577 in cartilage, shows species-specific hypermethylation at 3 sites in marmosets, and in previous work it 578
shows species-specific hypermethylation of 4 sites in humans as compared to other great apes (Hernando-579
Herraez et al., 2013). The neuronal receptor GABBR1 shows more complicated methylation patterns. In 580
the current study, GABBR1 shows species-specific hypermethylation at 2 sites in baboons, 581
hypermethylation at 3 sites in marmosets, and hypomethylation at 2 sites in marmosets. In previous work, 582
GABBR1 shows hypomethylation in orangutans and hypermethylation in chimpanzees and bonobos 583
(Hernando-Herraez et al., 2013). Lastly, 3 genes within the HOXD cluster, which are involved in limb 584 development, also show complicated methylation patterns. In the current study, HOXD8 shows species-585 specific hypermethylation at 3 sites in marmoset, HOXD9 shows species-specific hypermethylation at 1 586 site in baboons and 2 sites in marmosets and species-specific hypomethylation at 2 sites in chimpanzees, 587
and HOXD10 shows species-specific hypermethylation at 5 sites in marmosets. In previous work, 588
HOXD8 shows hypomethylation in modern and archaic hominins while HOXD9 and HOXD10 show 589 hypermethylation in archaic hominins as compared to modern humans . 590
In the HOXD cluster, HOXD10 contains the largest number of NHP species-specific methylation 591
differences observed in this study, has an active role in anatomical development, and has been found to be 592 differentially methylated among hominins. Thus, it was selected for subsequent DNA methylation 593
profiling and analysis at a higher resolution using gene-specific sequencing techniques. HOXD10 594 specifically codes for a protein that functions as a sequence-specific transcription factor which is 595 expressed in the developing limb buds and is involved in differentiation and limb development. In the 596
current study, each NHP shows low to intermediate methylation levels across the gene body ( Figure 5 , 597 Table S13 ). A similar pattern is observed in the gene-specific methylation data, which further reveals that 598
HOXD10 is not highly methylated in NHPs. However, across all taxa, some clusters of hypermethylation 599 are found upstream of the gene and at the start of the gene body, with marmosets on average displaying 600 more methylation in the gene body than other taxa ( Figure 6 , Table S18 ). In the HOXD10 gene body of 601 hominins, humans display hypomethylation, Neandertals displayed intermediate methylation levels, and 602
Denisovans displayed high levels of methylation . The variation of methylation 603 patterns in this gene body suggest that intermediate methylation levels may be a more ancestral epigenetic 604 state for this region in the primate lineage, while the extreme hypermethylation of this region in 605
Denisovans and the extreme hypomethylation of this region in humans may be derived epigenetic states. 606
Previous work has proposed that methylation differences in HOXD10 may be associated with phenotypic 607 distinctions between modern human and archaic hominin limbs . While the current 608 study did not find substantial associations between methylation variation and aspects of femur 609 morphology within NHP species, further work to understand the role of differential methylation of 610 HOXD10 in promoting morphological changes of the limb should be explored. 611
In conclusion, while only a few significant associations were identified between methylation and 612 femur morphologies, several significant differences in methylation were observed inter-specifically. 613
Moreover, these species-specific DMPs were found in genes enriched for functions associated with 614 complex skeletal traits. This is the first study to characterize DNA methylation patterns in skeletal tissues 615 from a taxonomically diverse set of NHPs, and it is the first study to directly compare these patterns to the 616 nonpathological morphologies of the skeletal elements from which the tissues were derived. This design 617
enabled an initial exploration of skeletal gene regulation and its relation to complex traits and species 618 differences for which little else is currently known. 619 620
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